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INTRODUCTION 
Palpation is routinely used for the evaluation of mechanical properties of tissue 
in regions that are accessible to touch. This means of detecting pathology using the 
"stiffness" of the tissue is more that 2000 years old. Even today it is common for surgeons 
to find lesions during surgery that have been missed by advanced imaging methods. 
Palpation is subjective and limited to individual experience and to the accessibility of the 
tissue region to touch. It appears that a means of noninvasively imaging elastic modulus 
(the ratio of applied stress to strain) may be useful to distinguish tissues and pathologic 
processes based on mechanical properties such as elastic modulus [1]. To this end many 
approaches have been developed over the years [2-9]. The approaches have been to use 
conventional imaging methods to measure the mechanical response of tissue to mechanical 
stress. Static, quasi-static or cyclic stresses have been applied. The resulting strains have 
been measured using ultrasound [1-9] or MRI [10-15] and the related elastic modulus has 
been computed from visco-elastic models of tissue mechanics. Recently a new MRI phase 
cantrast technique has been reported in which transverse strain waves propagating in tissue 
are imaged [13, 14, 16]. Because the wavelengths of propagating waves are related to 
density and the shear modulus and because the wavelengths of transverse waves for low 
frequency is on the order of millimeters this method promises to have good resolution 
and to be sensitive to the shear modulus. This paper reviews the theory of the method, 
presents some applications and discusses the implications of the method. 
THEORY 
We will term the microscopic region of tissue that responds the MRI signal an 
isochromat. The transverse magnetization phase <l>(T), of an isochromat moving in the 
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presence of a varying magnetic field gradient G(t), is given by: 
T 
<I>(r) =I J G(t). r(t)dt, 
0 
(1) 
where r(t) is the position vector of the moving isochromat, and 1 is the gyromagnetic 
ratio which is characteristic of the isochromat under investigation. 
In the case of a propagating transverse wave in the acoustic frequency range, the 
position vector can be considered to be a sinusoid and is given by: 
r(t) = To + [oexp(j(k. r- wt + cp) ), (2) 
where ro is the mean position of the isochromat, w is the angular frequency of the 
mechanical excitation causing the strain wave, a is the initial phase offset, k is the wave 
number of the strain wave, and [o is the peak displacement of the isochromat from its 
mean position. 
lf the gradient G(t) is a square wave with magnitude alternating between +IGI and 
-I GI for N cycles with a period T equal to the strain wave period 2;, then the resulting 
phase shift in the received signal is given by: 
r=NT 
<I>(r,t)=l j G(t)· [ro+foexp(j(k·r-wt+ifJ))]dt, 
0 (3) 
Equation 3 illustrates that the phase shift is related to the scalar product of the displacernent 
vector and the gradient vector, thus projections of the motion can be obtained for all 
three coordinate axes if three sets of data are obtained with mutually orthogonal gradients. 
The phase shift is also proportional to the product NT which is the total on-time of 
the gradient. By varying c/J, the phase offset between the gradients and the mechanical 
excitation, one can obtain images for different points in time and produce eine loops of 
images that depict the wave propagation. 
METHODS 
To provide examples of applications of the theory, tests were performed in a series 
of experiments using a 1.5-T Signa imager1. 
Phantoms were produced which simulated tissues with varying stiffness, by mixing 
varying amounts of agarose2 in distilled water at around 70°C. 
A schematic of the experimental setup for generating strain waves is shown in 
Figure 1. An electromagnetic electromechanical actuator similar to a speaker mechanism 
GE Medtcal Systems. Milwaukee, WI 
Bacto Agar, Dtfco Laboratones, Detrott, MI, 1.0-3.0% w/w. 
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Figure I. Schematic for producing low frequency transverse waves in phantoms or 
tissues. The actuator coil is on a shaft that is hinged. When current is passed through the 
coil, the current causes the coil to align with the B field of the main magnet forcing a 
plate on the phantom shift back and forth. This produces transverse waves in the 
phantom. The wave generator is triggered from the MR imager insuring that the 
gradients within the imager are switched in synchrony with the excitation wave 
frequency. Reproduced with permission from [16], Williams and Wilkins. 
was constructed to produce transverse waves in the acoustic frequency range. A waveform 
generator produced the sinusoidal signal fed to the actuator coil through a stereo amplifier. 
The sinusoid was triggered from pulses synchronous with the gradient cycles provided 
by the MR imager. 
A phase contrast gradient echo sequence was developed with cyclic gradient 
waveforms as shown in Figure 2. The number of trigger pulses was adjustable and could 
be started prior to the imaging cycle, producing images of waves already propagating into 
the phantom or producing a mechanical steady state. 
Each repetition of imaging pulses was done twice with altemating polarity of the 
motion-sensitizing gradients (Figure 2). This acquisition scheme reduced phase noise and 
doubled the sensitivity of the phase measurements to small displacements. In the examples 
shown the gradients G(t) were colinear with the displacement ~: to measure transverse 
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Figure 2. Pulses to trigger the waveform generator, shown in Figure 1, are produced in 
synchrony with the motion sensitizing gradients. The phase relationship between the 
gradients and the mechanical drive </J, can be altered. The motion-sensitizing gradients 
can be applied along arbitrary axes allowing measurement of displacement along any axis. 
Two repetitions are used with opposite motion-sensitizing gradients to subtract out 
systematic phase errors and to double sensitivity (NT in Equation 3) to synchronaus 
motion. Reproduced with permission from [16], Williams and Wilkins. 
waves. Ranges of data acquisition parameters were: Repetition time: 50-300 msec; echo 
time: 15-60 msec; acquisition matrix: 128-256: acquisition time: 20-120 seconds; ftip 
angle: 10-60 deg. The frequency of mechanical excitation ranged from 100-1100 Hz and 
the nurober of gradient pulses (N) ranged from 2-30 cycles. The images are of phase 
displacement computed from Equation 3, after correction for the balanced acquisition. 
APPLICATIONS 
Measurement of transverse strain waves in an agarose gel phantom is shown in 
Figure 3. The motion of the actuator was orthogonal to the plane of the figure and colinear 
with the sensitizing gradients. In one case, contact on the phantom was a point and 
in the other a plane. The results were spherical transverse waves and plane transverse 
waves respectively. The images represent measurements produced from motion-sensitizing 
gradients that were initiated after a near steady state condition was achieved by the actuator. 
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Figure 3. Images of transverse waves produced at 400 Hz in agar phantom material using 
the actuator of Figure l. A point contact produced spherical transverse waves (left) and a 
planar contact produced plane waves (right). The nurober of gradient cycles 
used for the measurement was 15. Equation 3 was used for the calibration 
scale. Reproduced with permission from [16], Williams and Wilkins. 
The point source image illustrates the inverse radius relationship of amplitude and shows 
some faint reflections from the walls of the phantom. The plane source image illustrates 
edge waves produced by the "aperture" and some reflections from the walls. 
Wave propagation can similarly be investigated in a heterogeneaus phantom. Figure 
4 illustrates the propagation of a transverse pulse through a phantom consisting of two 
hardnesses. The barder gel (2% agar) is at the top and the softer gel (1.25%) is poured 
in the container at an angle. Refraction of wave propagation is clearly evident in the 
area marked by the arrow. 
Application of this method to quantitative assessment of shear modulus for 
inhomogeneaus material is shown in Figure 5. Two agarose gel cylinders of high and 
low stiffness were embedded in an agarose phantom of medium stiffness. The resulting 
displacement image was obtained at 250 Hz using plane wave excitation. Panel (A) 
depicts the displacement of transverse waves propagating through the phantom and the 
two cylinders. The stiffer cylinder on the left displays larger wavelengths and the softer 
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Figure 4. Refraction of a propagating transverse wave is exhibited in this displacement 
image for mechanical excitation of 250 Hz. Six gradient-sensitizing cycles were used. 
White arrow depicts wave propagation direction for the agarase gel poured into the phantom 
container at an angle. Reproduced with permission from [16], Williams and Wilkins. 
cylinder on the right shorter wavelengths than the background material. This image was 
processed with a local wavelength estimation filter [17] to compute the local shear modulus 
assuming the density of the material to be constant at 1.0 g/cm3. The resulting quantitative 
image of shear modulus is shown in panel (B). 
DISCUSSION 
Using synchronaus motion-sensitizing gradients, Magnetic Resonance Elastography 
(MRE) is capable of producing either snapshots or eine loops of cyclic displacement 
caused by extemally applied transverse waves in the acoustic range. The displacement can 
be measured in the three orthogonal directions providing a vector valued function ({(r, t) 
in Equation 3). The method can be used to study propagation effects such as refraction 
and diffraction and can provide quantitative measures of shear modulus. 
The advantages of the method are that it can provide images virtually anywhere in the 
body and in any orientation. For qualitative sturlies of wave propagation, such as refraction 
and diffraction (Figures 3 and 4), MRE has the same resolution as a standard MR imaging 
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Figure 5. Magnetic resonance elastography images of two cylinders of agarose with high 
and low stiffness embedded in a background material with average stiffness. Plane 
transverse waves were applied at the top of the phantom. The phase image taken at 250 
Hz shows large wavelength in the hard cylinder and short wavelength in the soft 
cylinder (left). Computation of the local wavelength and the assumption of 
density of Ig/cm3 results in a quantitative image of shear modulus (right). The 
indicated hardness of the cylinder on the left is about 22kN/m2 compared to 
stiffness measurements of large samples of the same gel of 23.8 kN/m2. 
system of about 0.5 mm. For shear modulus or wavelength measurements (Figure 5), MRE 
is quantitative with a spatial resolution of the order of the wavelength of the transverse 
elastic waves and a contrast resolution of a few percent [18] for stiffness or attenuation. 
The disadvantages of MRE are that each two-dimensional displacement image 
requires separate repetitions of the mechanical excitation over a time span of about one 
minute to acquire data for the image. The acquisition time is multiplied by the number 
of phase offsets, </J, acquired for the eine loop. 
MRE provides a practical new experimental tool for measuring propagating transverse 
waves in tissues and tissue-like media. MRE may also provide a new clinical imaging 
tool, extending the classic palpation methods to full three-dimensional quantitative Ievels. 
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